The relationship between peroxide metabolism and cold hardiness in flower buds of the apple, Malus pumila Mill., was studied during natural spring dehardening and under controlled dehardening conditions. During the natural spring dehardening, there was an increase, as cold hardiness decreased, in the activities of NADH-Cyt c reductase and Cyt c oxidase, enzymes involved in the electron-transport chains that are a major site of production of H202. By contrast, the activities of glucose-6-phosphate dehydrogenase, glucosephosphate isomerase, glutathione reductase, glutathione peroxidase, dehydroascorbate reductase, and ascorbate peroxidase, enzymes associated with peroxide-scavenging systems that are coupled with the pentose phosphate cycle, varied as the development of flower buds proceeded. Under controlled dehardening conditions, the activities of NADH-Cyt c reductase and Cyt c oxidase increased while those of the enzymes associated with peroxide-scavenging systems that are coupled with the pentose phosphate cycle tended to decrease.
Introduction
In a previous study we examined the relationship between cold hardiness and the ratio of the activity of NADH-Cyt c reductase (NADH-CcR) to that of glucose-6-phosphate dehydrogenase (G6PDH) and the ratio of Cyt c oxidase (CcO) activity to that of G6PDH, as an index of cellular status representing susceptibility to oxidative stress (oxidizability index, OI), in twigs of the genus Malus in midwinter (Kuroda et al., 1991b) . The cold hardiness of twigs in the species and cultivars examined decreased with increases in the value of OI in the xylem tissues. Since a higher value of CH implies a higher susceptibility of cells to oxidative stress, species or cultivars with high values of OI, such as M halliana Koehne and M pumila Mill. var. domestica Schneid. cv. Jonathan, may be particularly susceptible to freezing damage due to oxidative stress, with resultant low cold-hardiness.
By contrast, species with low values of OI, such as M baccata Borkh. and M astracanica Dum., may be less sensitive to oxidative stress because of their high capacity for removal of peroxides. As a result, they exhibit high cold-hardiness.
Thus, the differences in cold hardiness among woody species can be explained by differences in susceptibility to oxidative stress. Therefore, it is conceivable that seasonal changes in cold hardiness of woody species are also associated with increases and decreases in susceptibility to oxidative stress.
The purpose of this study was to examine the relationship between peroxide metabolism and cold hardiness of apple flower-buds during the spring.
To this end, the changes in the cold hardiness and in the activities of enzymes associated with both peroxide-producing systems and peroxidescavenging systems were studied using flower buds collected in the field during natural spring dehardening and flower buds dehardened under controlled conditions. NADH-CcR and CcO were chosen as enzymes that are involved in electrontransport chains related to peroxide-producing systems. The enzymes G6PDH, glucosephosphate isomerase (PGI), glutathione reductase (GSR), glutathione peroxidase (GSPOD), dehydroascorbate reductase (DHARD) and ascorbate peroxidase (AsAPOD) were chosen as enzymes associated with peroxide-scavenging systems that are coupled with the pentose phosphate cycle (pentose-P cycle). Catalase (CAT) was selected as an enzyme that catalyzes the removal of H2O2. 
Assays of enzymes associated with peroxidescavenging systems
Homogenization mixtures consisted of 0.2g of flower buds without bud scales, 0.3g polyclar AT, 0.5g sea sand, 1.0 ml of a 2% solution of bovine serum albumin and 3.0 ml of 0.05 M Tris-HC1 (pH 7.8) containing 2 mM dithiothreitol. Grinding of the mixture and extraction of crude enzymes were carried out as described previously (Sagisaka, 1974) . Enzymatic activities (G6PDH, PGI, GSR, GSPOD, DHARD, AsAPOD and CAT) were determined by conventional spectrophotometric methods as described previously (Sagisaka and Asada, 1981; Sagisaka, 1982 Sagisaka, , 1985 Nakagawara and Sagisaka, 1984 2. Changes in the activities of enzymes associated with peroxide-producing systems in flower buds in spring and under controlled dehardening conditions 3. Changes in the activities of enzymes associated with peroxide-scavenging systems in flower buds in spring and under controlled dehardening conditions become acclimatized to the autumn and winter cold (Kuroda et al., 1991a) . It is, therefore, difficult to explain a direct relationship between the increases in the activities of enzymes in the electrontransport chains and the deacclimation in spring.
The increase in the enzymatic activity in the electron-transport chains results in higher rates of production of H2O2 (Chance et al., 1979; Elstner, 1982) . It has been found that the H2O2 produced non-enzymatically in non-photosynthetic tissues is removed via the peroxide-scavenging systems that are coupled with the pentose-P cycle (Nakagawara and Sagisaka, 1984; Kuroda et al.., 1990) . In the present study, however, the changes in activities of the enzymes associated with these peroxidescavenging systems exhibited a different pattern to those of the enzymes in the electron-transport chains. Namely, the activity of enzymes associated with peroxide-scavenging systems that are coupled with the pentose-P cycle, varied as the development of flower buds proceeded. Under controlled dehardening conditions, the activity of these enzymes tended to decrease. Since the activity of systems for scavenging H2O2 should balance its rate of production, this imbalance between the enzymatic activities of the peroxide-scavenging systems and the electron-transport chains can be considered to influence cold hardiness of trees.
In our previous study we demonstrated that the cold hardiness of twigs of the genus Malus in midwinter is closely related to the OI of xylem tissues (Kuroda et al., 1991b) . In the present experiments we also obtained a high correlation between cold hardiness and the ratio of the activity of NADHCcR to that of G6PDH or the ratio of the activity of CcO to that of G6PDH, both in nature and under artificial dehardening conditions, and we found a close relationship between a decrease in cold hardiness and an increase in the OI. A higher value of OI is associated with lower activities of enzymes that eliminate H2O2 as compared with the rate of production of H2O2, which in turn implies a higher susceptibility of the cells to oxidative stress. The vernal decrease in cold hardiness of the flower buds may, therefore, be interpreted as a process wherein the cells become susceptible to freezing damage due to oxidative stress.
Environmental stress, such as chilling (Wise and Naylor, 1987) , sunscald (Rabinowitch and Sklan, 1980) , heavy metals (Sandmann and Boger, 1980) , ozone (Sakaki et al., 1983) and SO2 (Shimazaki et al., 1980) , increases the production of active oxygen in plants. The reactions of active oxygen with cellular components, such as proteins (Charles and Halliwell, 1980; Tanaka et al., 1982) , lipids (Shimazaki et al., 1980; Fridovich and Porter, 1981) and DNA (Brawn and Fridovich, 1981; Lesko et al., 1980) , cause critical cellular dysfunctions that result in cell death. Sagisaka (1985 Sagisaka ( , 1986 described the process involved in the death of poplar twigs in the frozen state: a decrease in the ability to remove peroxide occurs in the twigs, with resultant inactivation of some enzymes and the formation of lipid hydroperoxides in cellular membranes, and the twigs die. These observations indicate that when the rate of production of reducing power, such as that of NADPH and glutathione, becomes lower than that of the active oxygen species, cells turn brown and are no longer able to survive. The results of the present study raise the possibility that freezing damage is brought about by active oxygen species. 
